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ABSTRACT

Carteria olivieri West (CHLOROPHYCEAE:CHLAMYDOMONADACEAE)
is a quadriflagellated unicellular green alga similar to
representatives of the genus Chlamydomonas.

There exists

within the genus morphological variation in reference to
the chloroplast, pyrenoid(s), and stigma.

The purpose of

this study was to investigate the ultrastructure of Carteria
olivieri.
Carteria olivieri was four

to be ultrastructurally

similar to other species of the genus which have been investigated.

Major differences include the shape of the

apical papilla and the diameter and origin of the pyrenoid
tubules.

INTRODUCTION AND LITERATURE REVIEW

In recent years the electron microscope has shown promise as a diagnostic tool in solving problems of systematics
and taxonomy of various plant species.

At the level of light

microscopy the genus Carteria is indistinguishable from the
closely related genus Chlamydomonas except for being quadriflagellated (Diesing, 1866).

The purpose of this work was to

determine the ultrastructural features of Carteria olivieri
West and to compare it to the species of rarteria and
Chlamydomonas which have previously been described at the ultrastructural level.

Although some seventy species of

Carteria have been described (Bourrelly, 1966), only four
species have been examined with the electron microscope.
Although Carteria has been described as being identical
to Chlamydomonas except for being quadriflagellated, only one
comparison has been made at the ultrastructural level among
representatives of the two genera.

This work (Lembi and Lang,

1965) compared Chlamydomonas sp. and Chlamydomonas eugametos
Moewus with Carteria eugametos Mitra, Carteria crucifera
Korschikoff, Carteria radiosa Korschikoff, and Carteria sp.
In addition to presenting detailed information on the ultra structure of Carteria, they also noted variations among
representatives of the two genera in relation to cell wall,
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chloroplast, pyrenoid, flagella, mitochondria, dictyosomes,
nucleus, and ground substance.
Although information on Carteria is limited to the work
by Lembi and Lang (1965), the closely related genus,
Chlamydomonas, has been used extensively as an experimental
organism for both electron and light microscopy.

Johnson

and Porter (1968) examined progressive stages in cell division of Chlamydomonas reinhardi Dangeard with the electron
microscope.

Several investigators working independently have

examined the large cup -shaped chloroplast of species of
Chlamydomonas.

Sager and Palade (1954) compared chloroplast

structure of a normal green cell with that of a yellow mutant strain.

In 1957 they published a second paper which

presented the results of a more detailed study of the structure and development of the chloroplast in a normal green
Chlamydomonas.

Gibbs (1.62; studied the ultrastructure of

algal chloroplasts of thirteen species including three chlorophytes

Chlamydomonas moewusii Gerloff, Platymonas

subcordiformis (Wille) Hazen, and Pyramimonas sp.

Also in

1962, Ris and Plaut demonstrated that Chlamydomonas moewusii
has small DNA-containing bodies which are closely associated
with the chloroplast.

Goodenough (1970) examined cells of

Chlamydomonas reinhardi with the electron microscope during
mitosis with emphasis on chloroplast division and pyrenoid
formation.
Gibbs, Lewin, and Philpott (1958) used Chlamydomonas
moewusii for flagellar ultrastructure investigations.

They
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reported the presence of an H-shaped cylinder at the base
of the flagellum which had not previously been reported.
In 1967 Ringo examined the flagellar apparatus of Chlamydomonas
reinhardi and found a similar H-shaped cylinder in this species.

Using gel electrophoresis, Jacobs and McVittie (1970)

separated and identified the flagellar proteins of
Chlamydomonas reinhardi.

Also in 1970, Hopkins examined

Chlamidomonas reinhardi for subsidiary flagellar components
including radial spokes, secondary fibers, and side arms.
In her study of the ultrastructure of the pyrenoids of
green algae, Gibbs (1962a) compared the pyrenoids of six
chlorophytes including Chlamydomonas moewusii.

Other organ-

isms examined in this study were Pyramimonas sp., Spirogyra
Scenedesmus quadricauda

sp., Chaetomorpha linum
Breb., and Platvmonas subcordiformis.

In light intensity variation experiments, Hartshorne
(1953) compared the response of a wild -type Chlamydomonas
having an eyespot with that of an "eyeless" mutant strain.
Dodge (1969) in his review of algal eyespots grouped them
into five classes based on their associations with the chloroplast and the flagella.

According to his classification the

Chlamydomonas eyespot represents the most primitive type.
Although Chlamydomonas is the chlorophyte most frequently
used for ultrastructural analyses, several investigators
have used other representatives of this division for electron
microscope studies.

The most extensive of these is that of
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Lang (1963) who compared the ultrastructure of fourteen
volvocacean species.

Lang (1963a) reported a star pattern

in the proximal end of the flagella of Polytoma obtusum
Pascher and Polytoma uvella Ehrenberg.
Steinmann (1952) used Spirogyra and Mougeotia in one
chloroof the earliest electron microscope studies of algal
Leyon (1954) compared the pyrenoids of Enteromorpha

plasts.

intestinalis (L.) Link, Cladophora glomerata (L.) Kutz.,
k)
Spirogyra sp., Mougeotia sp., Closterium acerosum (Schran
Ehr., and Closterium lunula Nitzsch.

Brown and Arnott (1970)

Bold
examined sections of Tetracystis excentrica Bzown et
prepared during zoosporogenesis.

The purpose of their study

was to determine the fate of the pyrenoid during this process.

Also in 1970, Griffiths published a detailed review

other
of the pyrenoid sections of previous investigations by
authors.

MATERIALS AND METHODS

Initial cultures of Carteria olivieri West were obtained from the Indiana University Culture Collection (#LB
1032).

Stock sub -cultures were maintained in a medium of

sterile distilled water to which a garden pea was added and
kept in a growth chamber programmed for a 12-hour light, 12hour dark schedule and a constant temperature of 25 C.

After

two weeks, samples were removed from the sub -cultures and
prepared for examination by electron microscopy.
Prior to fixation the cell/medium volume ratio was increased to form an agglomerate of cells which could be treated
as a block of "tissue".

Approximately 1.0 ml of cell suspen-

sion from the sub -culture medium was placed in a 6 x 50 mm
test tube which was tightly packed in cotton.

The test tube

and cotton were fitted securely into a Corex 23 x 102 centrifuge tube, and the cell suspension was centrifuged at 1100
x g for approximately 5 minutes in a Sorvall SS -1 Superspeed
Angle Centrifuge to form a cell pellet.

After discarding the

supernatant, the pellet was resuspended in 2% agar -liquid
Immediately following ad-

which had been cooled to 50 C.

dition of the agar, the agar -cell suspension was drawn into a
pasteur pipette by means of a suction bulb.

With the pipette

held horizontally, the suction bulb was removed and the pipette
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solidified.
placed over an ice bath until the agar had

After

fully replaced and
solidification, the suction bulb was care
onto filter paper by
the agar-embedded cells were extruded
gently applying pressure to the bulb.

The resulting blocks

the maximum size for
did not exceed 0.5 mm in width, which is
optimum fixation.
a petri dish
The agar blocks were then transferred to
tes.
containing 2% KMn04 and fixed for 45 minu

Dehydration

es consisting of the
was carried out in a graded acetone seri
following percentages:

20%, 35%, 50%, 70%, 85%, 95%, and

solution in
Overnight staining in uranyl nitrate (1%

100%.

acetone step in
70% acetone) was substituted for the 70%
dehydration.
812 using acetone
The blocks were infiltrated with Epon
as the solvent.
every 2-3 hours.

10%
Epon concentrations were increased by
Following infiltration, the blocks were

in 100% Epon 812, and
positioned in BEEM capsules, embedded
cured at 60 C for four days.
) were obtained
Faint gold and silver sections (60-90mp
Ultra-microtome Model
with a diamond knife using a Reichert
Om -U2.

copper grids
The sections were mounted on 200-mesh

enmikroskop FM 9S2.
and examined with a Zeiss Elektron

RESULTS

An oblique section of a cell of Carteria olivieri (Fig.
1) shows the location of representative organelles within
the cell and their spatial relationships.

The plasma mem-

brane (PM) is enclosed by an outer covering, the cell wall
(CW).

The convoluted chloroplast (C) appears as several ir-

regular discrete profiles rather than a continuous cup -shaped
organelle.

Light microscopy, however, has shown this to be

a sectioning anomaly.

A differentiated area of the chloro-

plast, the pyrenoid (P), is located basally in the chloroplast posterior to the nucleus.

The narrow space between

the chloroplast and the plasma membrane contains the respiratory organelles, the mitochondria (M).

At the anterior

end of the cell the flagella (F) exit through the cell wall
at the base of the apical papilla (AP).

Dictyosomes (D) are

generally scattered throughout the cytoplasm with a tendency
to concentrate in the areas around the nucleus and pyrenoid.
Also scattered throughout the cell but not confined to any
specific area, vacuoles (V) appear as open spaces containing
a discontinuous crystalline material

Cell Wall
The cell wall of Carteria olivieri appears to be composed of three layers.

The innermost layer, adjacent to the
7
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Figure 1.

Oblique section of Carteria olivieri showing nucleus,
(N); chloroplast, (C); pyrenoid, (P); dictyosome,
(D); mitochondria, (M); plasma membrane, (PM);
apical papilla, (AP); cell wall, (CW); vacuoles,
(V); and flagella, (F).
22,000x.
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plasma membrane, varies in thickness within the cell, the
thickest areas usually occurring at the anterior and posterior portions of the cell.

Its electron density resembles

that of the ground substance of the cytoplasm.
Although there is no distinct line of demarcation between this layer and the one immediately exterior to it,
the intermediate layer is much less electron dense than the
inner one.

In most instances this layer appears no more

dense than the embedding material.

Unlike the inner layer,

the intermediate layer exhibits less variability in thickness in most cells.
The outer layer is a thin covering separated from the
intermediate layer by an extremely electron -dense line.

Al-

though this layer is quite thin, its electron density appears
to approximate that of the innermost layer.

Plasma Membrane
The plasma membrane encloses the protoplasmic components
of the cell.

The double unit nature of this membrane can be

seen in only one micrograph (Fig. 2).

Although this is the

only micrograph with adequate magnification to show both units,
it is reasonable to assume that the entire membrane is of the
same nature, but the magnification of the other micrographs
is not sufficient to reveal both units.

Flagella
The four isokont flagella (Fig. 1) of C. olivieri are
typical eukaryotic flagella containing the 9 + 2 microtubule

10

Figure 2.

Longitudinal section of flagella and basal body
showing H-shaped cylinder and double -unit nature
of plasma membrane.
120,000x.
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arrangement.

The flagella originate at the anterior end of

the cell and appear to be oriented at right angles with respect to each other.

The plasma membrane of the cell forms

the flagellar sheath enclosing the matrix and microtubules.
Each flagellum extends to the surface of the cell through a
canal which appears to be bounded by striae (Fig. 3).

At

the base of the flagellum, within the cell, the basal body
can be seen as two somewhat indistinct lines approximately
apart (Fig. 2).

These two lines are possibly the micro -

tubules of the basal body in longitudinal section.

In the

transition area between the basal body and the flagellum is
a unit consisting of two cylinders arranged linearly as described by Gibbs, et al. (1958) in Chlamydomonas moewusii.
The anterior cylinder is separated from the posterior cylinder by a diaphragm on the proximal end and a small matrix filled space.
Associated with the flagella are two anterior projections
of the cell wall, the anterior papilla (Figs. 4, 5).

Two

.flagella, apparently oriented 1800 with respect to each other,
exit between the anterior papilla while the remaining two
flagella, also oriented 1800 with respect to each other, exit
exterior to the apical papilla.
Mitochondria
The respiratory organelles of the cell, the mitochondria,
(Fig. 6) are generally located in the peripheral cytoplasm.
Some, however, are occasionally found in the perinuclear region of the cell in the cytoplasm -filled depression of the
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chloroplast (Fig. 7).

Each mitochondric , is delineated by

an
a double unit membrane, an outer membrane boundary and
inner membrane which forms discoidal invaginations.

These

invaginations, known as cristae, appear to be oriented randomly within the mitochondrion.

The tubular elements prom-

of the
inent in most micrographs are probably cross -sections
The matrix of the mitochondria appears

disc -shaped cristae.

ce
to be of the same electron density as the ground substan
of the cytoplasm.
Dictyosomes
Giving rise to numerous small vesicles, the dictyosomes
e(Fig. 8) appear exclusively in the perinuclear and peripyr
noidal regions (Fig. 9).

Each dictyosome consists of a se-

are
ries of closely appressed flattened sacs, many of which
dilated laterally.

Although the number of sacs per dictyo-

some is variable, eight to ten occur most frequently.
Nucleus
the
One of the most prominent organelles in the cell is
a connucleus which is highly granulated and seems to have
sistency similar to that of the ground substance.

In favor-

nuclear
able sections (Figs. 7, 10) a distinct clumping of
material is apparent.

This probably represents chromatin

be distinguished.
material although distinct chromosomes cannot
membrane
The nuclear envelope is a discontinuous double unit
interrupted by pores (Figs. 1, 7, 10).

Although the presence

and Palade (1957)
of pore diaphragms such as those found by Sager
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Figure 3

Figure 4.

Flagellar canals with associated striations and
78,750x.
sheaths

Apical papilla with emerging flagellum.

27,000x.
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Figure 5.

Apical papilla with three flagella in cross29,700x.
section.

Figure 6.

Stigma enclosed within chloroplast envelope with
Mitochondria
granule rows separated by thylakoid.
25,200x.
cytoplasm.
peripheral
the
in
are distributed

15

Figure 7.

Cell with nucleus surrounded by chloroplast. The
nuclear material of varying electron density is
contained within a discontinuous double unit membrane. 22,500x.

Figure 8.

Dictyosome accompanied by small vesicles.

110,250x.
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Figure 9.

Figure 10.

Pyrenoid with two dictyosomes in the proximal
cytoplasm. 22,500x.

Cell with clumped nuclear material and extension
19,500x.
of nuclear envelope.
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cannot be substantiated on the basis of these micrographs,
their presence cannot be precluded.

Chloroplast and Pyrenoid
The largest organelle in the cell is the chloroplast
which occupies most of the periphery of the cell.

It is

bound by a double unit membrane the inner of which invaginates forming flattened closed discs referred to as thylakoids
In higher plants, series of these closely appressed discs
are called grana; however, in some algae the discs are incomplete (Fig. 11) and therefore have been termed "pseudograna"
(Lembi and Lana, 1965).

The stroma of the chloroplast appears

to be slightly less granular than the ground substance of the
cytoplasm.

Continuous with the stroma is a proteinaceous

core, the pyrenoid (Figs. 9, 12, 13) which is the center of
starch accumulation in light -grown cells.

The pyrenoid can

be identified in this organism by its encompassing sheath of
starch plates and by randomly -oriented tubules traversing a
granular matrix.

These tubules appear to be continuous with

the chloroplast lamellae and are by some means converted from
a disc to an enlarged tubule at the point of entry into the
pyrenoid.

The pyrenoid matrix is somewhat more electron dense

than the chloroplast stroma although there is no distinct
boundary between the two areas.

Starch grains are also found

elsewhere in the chloroplast often distorting the lamellar
arrangement.

Stigma
Located just inside the chloroplast membrane in the anterior portion of the cell is the stigma or eyespot (Figs. 6,
14).

This organelle appears in cross-section as two rows of

tightly packed electron dense granules.

The rows are sepa-

rated by a thylakoid disc, but the granules in each row are
in contact with adjacent granules laterally.

Each granule

exhibits a dark border with a slightly less dense interior.

Vacuoles
The cell also contains several vacuoles (Fig. 1) which
may or may not be membrane bound.

The absence of membranes

may be due to disruption during fixation or sectioning.

Most

vacuoles contain a crystalline substance which appears to
have been crystallized by the fixative or dehydrating agent.
Lembi and Lang (1965) have suggested that this material is
polyphosphate.
Ground Substance
The ground substance of the cytoplasm consists of a vesicular component, a granular component, and an agranular component.

The vesicular component includes microtubules ar-

ranged in the peripheral cytoplasm, endoplasmic reticulum and
small vesicles of unknown function and origin.

The granular

component is represented by unidentifiable units below the
resolution of the microscope used.

Ribosomes probably ac-

count for a major portion of this component (Lang, 1963).

1

The agranular component is formed by the liquid portion of
the cytoplasm which contains all the other organelles.
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Figure 11.

Pseudogranum resulting from the bifurcation and
117,000x.
invagination of a thylakoid.

Figure 12.

Pyrenoid surrounded by several starch granules
35,000x.
separated by chloroplast lamellae.
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Figure 13.

Pyrenoid with few small starch granules revealing
the continuity between the pyrenoid matrix and
26,100x.
stroma of the chloroplast.

Figure 14.

Stigma with two outer layers of granules, the
layer underneath partially obscured by the
layer above it. 119,000x.

DISCUSSION

Lembi and Lang (1965) demonstrated that the genus
Carteria is not identical to the genus Chiamydomonas as
was suggested by Diesing (1866).

However, these differences,

with the exception of the quadriflagellated nature of Carteria
spp., are evident only at the ultrastructural level and could
not have been detected prior to the development of the electron microscope.

The present work substantiates the obser-

vation of Lembi and Lang (1965).
Although the cell wall of Carteria olivieri appears to
consist of three layers, Lembi and Lang (1965) reported only
two layers in the cell walls of other Carteria and
Chlamydomonas species.

The inner layer, corresponding to the

intermediate layer in this study, is thought to be composed
of cellulose although some doubt exists as to the actual chemical composition of this layer.

The outer layer consists pri-

marily of pectose which diffuses into the surrounding medium.
The innermost layer in this study may not be an actual layer,
but rather a space produced by the slight plasmolysis of the
protoplast during fixation.

Sager and Palade (1957) reported

a similar result in their study of Chlamydomonas reinhardi.
Lembi and Lang (1965) reported striations in the cell
wall bordering the flagellar canals of Carteria eugametos

22
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and Carteria crucifera.

They suggested that each striation

is a longitudinal view of a circular sheath the function of
which is to support the flagellar canal.

The transverse

section in Fig. 3 showing four resolvable circular sheaths
supports their hypothesis.
The apical papilla of Carteria eugametos and Carteria
crucifera is a single cruciate ridge (Lembi and Lang, 1965).
The flagella emerge from the concavities in the ridge or from
the base of the arms.

This study, however, revealed no ridge

of a cruciate nature.

The apical papilla of Carteria olivieri

appears to consist of two separate parallel ridges.

This

interpretation is supported by light microscopy.
Despite repeated attempts, no high -resolution micrographs
of flagella were obtained.

However, the H-shaped cylinder

reported by Gibbs et al. (1958) in Chlamydomonas moewusii
and Ringo (1967) in Chlamydomonas reinhardi is present in
Carteria olivieri.

Lembi and Lang (1965) found this structure

in Carteria eugametos, Carteria crucifera, and Chlamydomonas
eugametos.

Although no hypothesis has been proposed as to

have
its function, three investigators, working independently,
nine determined that cross -sections of the cylinder reveal a
1967).
pointed star configuration (Lembi and Lang, 1965; Ringo,
presented
The resolution is not sufficient in the micrographs
the
in this study to distinguish subsidiary components of
flagella such as those described by Hopkins (1970).
of the
Lembi and Lang (1965) indicated that the location
specific.
mitochondria within the cell is somewhat species

24

The mitochondria of Chlamydomonas sp., Carteria eugametos,
Carteria radiosa, and Carteria crucifera are consistently
found in the peripheral cytoplasm while those of Carteria
sp. are located in the cytoplasm -filled undulations of the
chloroplast and the perinuclear region as well as in the
peripheral cytoplasm.

Carteria olivieri most closely resem-

bles Carteria sp. in this respect as mitochondria are frequently found in the perinuclear area.
The cristae appear to be oriented randomly within the
mitochondria.

This is in opposition to Lang's (1963) study

of Chlamydomonas, Eudorina, Pandorina, and Volvox species
in which she stated that KMn04 -fixed cells exhibit cristae
having a perpendicular orientation to the outer mitochondrial
membrane.

She reported randomly -oriented cristae in 0s04 -

fixed cells.

Lembi and Lang (1965) obtained perpendicular

cristae with both fixatives.
The dictyosomes observed in this study are comparable
to those found in other plant cells.

No amplexus between the

noted
nucleus and dictyosomes as described by Lang (1963) was
in
although the dictyosomes appear to be located exclusively
the perinuclear-peripyrenoidal area of the cell.

These dic-

tyosomes may be involved with the starch conversion enzymes
of the pyrenoid.
The convoluted, cup-shaped chloroplast of Carteria
olivieri resembles that of Carteria sp., Carteria radiosa,
Carteria crucifera, and Carteria eugametos (Lembi and Lang,
1965).

Although pseudograna can be seen in favorable sections,
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most sections in this investigation were too thick to achieve
The

the resolution required for distinction of the lamellae.

sectioning angle is also quite critical as the section must
be in the plane of the invaginations.

That a pseudogranum was

detected, however, is sufficient to substantiate the presence
of such lamellar arrangement within the chloroplast.
Sager and Palade (1957) suggested that the Chlamydomonas
chloroplast represents a stage in evolutionary transition
between the non-grana containing chloroplast typical of the
algae, and chloroplasts of higher plants containing grana.
Lang (1963) expanded this hypothesis to include all volvocacean chloroplasts.

Lembi and Lang (1965) reported that

although some pseudograna are found in Chlamydomonas species,
they occur more frequently in species of Carteria.

If the

chloroplast of Chlamydomonas is an evolutionary transition,
the Carteria chloroplast may be a further advancement in
this transition.
The pyrenoid, a differentiated area of the chloroplast
involved in starch elaboration, is located basally in the
chloroplast.

This location is similar to that of other

Carteria species with the exception of Carteria crucifera
in which the pyrenoid occupies an anterior position in the
chloroplast (Lembi and Lang, 1965).

The pyrenoid of Carteria

olivieri, like those of other investigated Carteria species,
is surrounded by a thin layer of chloroplast lamellae.

This

feature appears to be a distinctive characteristic which may
be used to distinguish Carteria species from Chlamydomonas.
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The chloroplast lamellae enter the pyrenoid at points between starch granules.

Lembi and Lang (1965) reported that

in the four Carteria species they examined the thylakoids
remain as single thylakoids within the pyrenoid matrix, as
opposed to Chlamydomonas species in which several thylakoid
discs coalesce to form a single tubule which enters the
pyrenoid matrix.

However, micrographs in this study reveal

pyrenoid tubules which are of at least twice the diameter
of a single thylakoid disc, suggesting that the tubule elements of Carteria olivieri are formed by the fusion of two
or more lamellae or by the expansion of a single lamella.
Although the function of these tubules remains unknown, Sager
and Palade (1957) suggested that they may transport photosynthetic products from the stroma of the chloroplast to the
pyrenoid where starch conversion occurs.

Starch granules,

although concentrated around the pyrenoid, are also formed
in the stroma of the chloroplast.
Located within the chloroplast envelope, the stigma of
Carteria olivieri appears to be similar to those reported by
Lembi and Lang (1965) in four other species of Carteria.
The stigmata of most Carteria species examined consists of
two rows of dense granules although Dodge (1969) reported
two species having three -layered stigmata.

Lembi and Lang

(1965) suggested that these granules are derived from the
osmiophilic granules of the chloroplast which undergo a
biochemical change.
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stence of an intricate
Ringo (1967) proposed the exi
domonas reinhardi. Although
microtubule system in Chlamy
ne
seen near the plasma membra
microtubule elements can be
g
is no arrangement suggestin
in Carteria olivieri, there
tions
posed by Ringo. Serial sec
a system similar to that pro
tem.
ish the presence of this sys
would be necessary to establ
Carteria olivieri appears
On the basis of this study,
by
ia species investigated
to be similar to other Carter
major differences being the
Lembi and Lang (1965), the
of
and the diameter and origin
shape of the apical papilla
the pyrenoid tubules.
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